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A B S T R A C T 
D-Amino acid oxidase (DAAO) is a paradigmatic flavoenzyme with invaluable 
industrial relevance. Yeast D A A O s are attractive candidates for the bioconversion 
of cephalosporin C (CPC) to glutaryl-7-aminocephalosporanic acid (GL-7-ACA)，an 
intermediate for the production of 7-aminocephalosporanic acid (7-ACA). This 
process provides an environmental-friendly production of semi-synthetic cephems. 
Trigonopsis variabilis D A A O (TvDAAO) has been used for this industrial 
application. Since the tertiary structure of T v D A A O remains unsolved, information 
about the substrate binding pocket is still lacking for rational mutagenesis. In the 
present study, the three-dimensional structure of T v D A A O was constructed by 
sequence alignment and homology modelling. Rational mutagenesis was 
performed on the basis of the homology model. Interestingly, Tyr substitution at the 
54th amino acid residue (F54Y) was found to enhance catalytic activity and 
thermostability. The residue was also mutated to Ser (F54S) and Ala (F54A) to 
delineate the effects of size and functional group of the amino acid side chain. 
Kinetic analyses revealed that, compared with the wild-type enzyme, F54Y resulted 
in 6-fold improvement in kaat.app and reduced GL-7-ACA inhibition. The mutant 
was also more thermostable at 55°C. Comparisons with F54S and F54A proposed 
that the size of amino acid side chain affected C P C accommodation, while the 
hydrophobicity conferred to substrate orientation and thermostability. The 
protruded hydroxyl group in F54Y was suggested to promote hydrogen bond 
formation and reduce hydrophobicity. Hence, it might favour the deamination 
process of CPC. The improved kinetic and thermostability properties of F54Y 
suggested a potential candidate for the enzymatic production of semi-synthetic 
cephems. The present study not only deepened the understanding of the still 
undefined substrate binding pocket of TvDAAO, but also provided justifications for 
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Buffer A 20 m M NaHzPCU，2 m M EDTA, pH 7.0 
C D Circular dichroism 
CPC Cephalosporin C 
D A A O D-Amino acid oxidase 
D N A Deoxyribonucleic acid 
E.G. Enzyme Commission 
E D T A Ethylenediaminetetraacetic acid 
FAD/FADH2 Oxidised/reduced flavin adenine dinucleotide 
g Relative centrifugal force 
Gram 
GL-7-ACA Glutaryl-7-aininocephalosporanic acid 
h Hour 
Vll 
HPLC High performance liquid chromatography 
kcat Turnover number 
kcat,app Apparent turnover number 
Kd Dissociation constant 
kDa Kilo-Dalton 
Ki Dissociation constant of an inhibitor 
Km Michaelis constant 
Km,app Apparent Michaelis constant 
L Liter 





m L Milliliter 
m m Millimeter 
m M Millimolar 
mol Mole 
NaPi Sodium phosphate buffer 
v m 
nm Nanometer 
P G R Polymerase chain reaction 
P D B Protein data bank 
p k D A A O Pig kidney D-amino acid oxidase 
R g D A A O Rhodotorula gracilis D-amino acid oxidase 
R M S D Root mean square deviation 
rpm Revolution per minute 
Second 
SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 
TM-score Template modelling score 
T v D A A O Trigonopsis variabilis D-amino acid oxidase 
U Unit for enzyme activity 
v/v Volume by volume 
w/v Weight by volume 
W T Wild-type Trigonopsis variabilis D-amino acid oxidase 
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C H A P T E R 1 I N T R O D U C T I O N 
1.1. Antibiotics market and p-lactam antibiotics 
The discovery of antibiotics is a breakthrough in chemotherapy. In the last 
century, Sir Alexander Fleming discovered penicillin (Fleming, 1929). Later, 
cephalosporin was isolated by Giuseppe Brotzu and was further characterised by 
Newton and Abraham (Newton and Abraham, 1955). Antibiotics derived from 
penicillin and cephalosporin have helped curing many life-threatening diseases, such 
as tuberculosis, scarlet fever and pneumonia. Both penicillin and cephalosporin are 
p-lactam antibiotics due to the possession of P-lactam ring (Fig. 1). They act as 
structural analogues and bind to proteins responsible for transpeptidation of 
peptidoglycan precursors. As a result, this prevents the proper synthesis of bacterial 
cell wall and eventually leads to cell death. Nowadays, antibiotics derived from 
penicillin (penams) and cephalosporin (cephems) have received wide clinical use, 
with cephems account for the biggest global sales in the antibiotics market (~US$7 
billion per annum) (Blander, 2003; Kresse et al, 2007). 
1.2. Semi-synthetic cephems 
The large market share contributed by cephems can be attributed to the 
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Fig. 1. p-Lactam antibiotics and corresponding semi-synthetic nuclei. 
several sites in 7-AC A for modifications (Sonawane, 2006). For example, different 
functional groups can be introduced to the amino group at the C-7P position. 
Addition of a methoxyl group at C-7a position leads to the formation of cephamycins 
(Fig. 1)，another subclass of cephems. The acetoxy methyl group at the C-3 
position can also be hydrolysed and substituted by different groups. Due to the high 
versatility of 7-ACA, a number of semi-synthetic cephems can be generated (Fig. 2). 
Owing to their wide activity spectra, cephems are routinely prescribed for 
infections caused by both Gram-positive and Gram-negative bacterial pathogens, 
such as Staphylococcus species, Streptococcus species，Pseudomonas species and 
Haemophilus influenzae. Furthermore, continuing emergence of resistant bacterial 
pathogens, like methicillin-resistant Staphylococcus aureus, does impose the need for 
new and effective semi-synthetic antibiotics. As a result, there is a keen demand of 
7-ACA and the market is huge. Hence, development of an efficient and 
cost-effective method for 7-ACA production remains the major interest in 
pharmaceutical industry. 
1.3. Conversion of C P C to 7-ACA 
CPC is the starting material for 7-ACA synthesis. It is a secondary metabolite 
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Fig. 2. C o m m o n semi-synthetic cephems. 
CPC has been well characterised (Fig. 3). Metabolic engineering of this pathway 
(Skatrud et aL, 1989; Basch and Chiang, 1998) conjugated with a series of 
optimisations in fermentation strategies (Zhou et al.，1992; Zhou et al.，1993) 
resulted in an increased titer of CPC and reduced production cost. These provide a 
solid foundation for downstream processing of CPC and pave the way to large scale 
production of 7-ACA. Initially, acid hydrolysis was employed for 7-ACA 
production and the yield was <1% which could not attain any commercial value. 
Without the improved efficiency for 7-ACA production, semi-synthetic cephems 
would not be widely used in clinical aspects. 
1.4. Chemical production versus enzymatic bioconversion 
There are two approaches for industrial production of 7-ACA. The first one is 
chemical deacylation of CPC, while the second one employs enzymes as 
biocatalysts. 
Chemical deacylation of CPC (Fig. 4) was the sole method for bulk production 
of 7-ACA in 1970s. Briefly，the amino and caiboxylate groups of purified CPC are 
first protected by trimethylchlorosilane [SiCl(CH3)3] in a water-free environment. 
Phosphorus pentachloride (PCI5) is then added to chlorinate the amide of the 
protected CPC at -20°C, leading to the formation of an iminochloride. Any 
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Fig. 4. Chemical production of 7-ACA. 
hydrochloric acid formed in this process is reacted with N, TV'-dimethylaniline. The 
reaction proceeds with the addition of «-propanol [CH3(CH2)20H], acid hydrolysis, 
and removal of silyl protection. After those sequential reactions, 7-ACA can be 
further purified and crystallised for downstream derivatizations (Barber et al., 2004). 
However, there are a number of drawbacks in the chemical production process. 
First, harsh reaction conditions are needed in the process. Several steps have to be 
performed at low temperature which increase the operational cost. Extreme acidic 
and alkaline conditions and corrosive chemicals are also needed, resulting in high 
maintenance expense and short durability of equipments. Second, the process is 
non-specific. It requires CPC with a high purity in order to minimise the formation 
of side products. Third, the production process is extremely polluting. Since the 
silyl protection must be performed in water-free environment, the purified CPC 
should be dissolved into appropriate organic solvent likes dichloromethane. In 
addition, toxic chemical solvents, such as PCI5, N, A^-dimethylaniline, ammonia, are 
involved in the chemical production process. Incineration remains the only method 
for proper disposal of these hazardous chemicals. Due to these disadvantages, the 
chemical production of 7-ACA is now gradually replaced by the 
environmental-friendly enzymatic bioconversion. 
The bioconversion of CPC to 7-ACA can be performed via two-step or one-step 
enzymatic process (Fig. 5). In the two-step bioconversion, D A A O (E.G. 1.4.3.3) 
and GL-7-ACA acylase (E.G. 3.5.1.11) are involved in the bioconversion of CPC to 
7-ACA. D A A O first catalyses the oxidative deamination of CPC to form 
a-ketoadipyl-7-ACA. The H2O2 formed would be consumed in the subsequent 
spontaneous oxidation to yield GL-7-ACA. Subsequently, GL-7-ACA acylase is 
responsible for the cleavage of the glutaryl group to yield 7-ACA. In the one-step 
bioconversion, CPC is directly deacylated to yield 7-ACA, and no deamination step 
is required. This reaction is catalysed by CPC acylase which refers to the same 
acylase as described above. In fact, several groups of acylase were identified (Yau 
et al.，2006) and their nomenclatures are dependent of their substrate specificity. 
For example, acylase isolated from Pseudomonas diminuta is active on both 
GL-7-ACA and CPC (Sonawane, 2006). When it acts on GL-7-ACA, it is named 
GL-7-ACA acylase; when it acts on CPC, it is named CPC acylase. However, the 
one-step bioconversion was never developed for industrial applications because no 
acylase can satisfy the kinetic requirements (Barber et al, 2004). As a result, the 
two-step bioconversion remains the sole method for enzymatic production of 7-ACA 
in industrial scale. 
In contrast to the chemical production, the two-step bioconversion has several 
advantages. First, the reactions occur at moderate temperature (20-30°C) and 
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Fig. 5. Enzymatic bioconversion of C P C to 7-ACA. 
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relatively mild pH (pH 7.5-8.5). These not only reduce the operational difficulties, 
but also ease the design and maintenance of reaction chambers. Second, the 
enzymatic reactions are specific so that less side products would be formed. This 
eases the downstream derivatizations of 7-ACA. Third, enzymes are employed as 
biocatalysts, and hence eliminate the usage of toxic organic solvents. This largely 
reduces the bulk volume of toxic waste to be incinerated. In general, production of 
one ton of 7-ACA by the chemical process would generate 31 tons of waste to be 
incinerated, but only 0.3 tons of wastes would be produced when using the enzymatic 
method (Bayer, 2004). This large reduction of waste volume articulates with 90% 
reduction in environmental protection cost (Bayer, 2004). Furthermore, enzymes 
can be immobilised so that it can be reused. Taking together of these advantages, 
the bulk cost of 7-ACA from the two-step bioconversion is estimated to be 
~US$15-25/kg, which is only half of that from the chemical process (Barber et al, 
2004). More detailed comparisons of the chemical and two-step enzymatic 
production of 7-ACA are tabulated (Table 1). With its lower production cost and 
environmental-friendly nature, the enzymatic production of 7-ACA has been widely 
employed in European manufacturers. 
1.5. Industrial two-step bioconversion of C P C 
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Table 1. Comparison of chemical and enzymatic production of 7-ACA 
(modified from Bayer, 2004) 
Chemical Enzymatic 
Raw materials Highly purified CPC dissolved 
in water-free environment 
Crystallised CPC dissolved in 
aqueous environment 
Hazardous chemicals, e.g. 
(CH3)3SiCl, PCI5, 
N, A^ -dimethylaniline, 
dichloromethane 
Immobilised enzymes 
Chemical solvents, e.g. 
CH3(CH2)20H，CH2CI2 
Not required 
Process Corrosion-resistant equipments Stainless steel reactors 
Frozen temperature needed Room temperature 
Waste treatment Incineration Biological waste treatment 
Expensive exhaust gas cleaning N o special requirement 
Cost ~US$50/kg ~US$15-25/kg 
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Preparation of D A A O remains the major cost of the two-step bioconversion of 
CPC to 7-ACA. Industrial practice employs two separate stirred tank reactors for 
oxidative deamination and deacylation respectively (Fig. 6). Immobilised D A A O is 
installed into the first pot with batchwise feeding of CPC and continuous sparging of 
air or oxygen. Hydrogen peroxide is usually added at the later stage of reaction to 
ensure the complete oxidation of a-ketoadipyl-7-ACA. Similarly, immobilised 
GL-7-ACA acylase catalyses the deacylation process in the second pot. Both pots 
operate at 20-3 (fC to minimise the formation of side products and to prevent 
intervention in the temperature equilibrium. Actually, it is necessary to separate the 
reactions in two pots due to the differences of the kinetic parameters and operational 
stability of the enzymes. Usually, preparation of immobilised D A A O is the major 
cost. Since oxygen is an essential substrate for catalysis, simple packed column 
immobilisation cannot satisfy the oxygen transfer for the oxidative deamination of 
CPC. The sparging of air/oxygen and addition of H2O2 also lower the operational 
stability of D A A O in the two-step bioconversion (Pilone and Pollegioni, 2002). 
Therefore, it is always the research interest for academic and commercial institutes to 








Fig. 6. Industrial two-pot set up for bioconversion of C P C (modified from 
Bayer, 2004). 
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1.6. Phylogenetics and physiological roles of D A A O 
D A A O is a multimeric flavoprotein. Each D A A O subunit harbours a 
non-covalently bound FAD molecule. Since the isolation of D A A O from an array 
of mammalian kidney samples (Krebs, 1935), phylogenetic studies showed the 
presence of D A A O in a variety of eukaryotic organisms (Pollegioni et al.，2007a) 
(Fig. 7). Previous attempts to isolate plant D A A O were not successful until recently, 
the first plant D A A O was isolated from Zea mays L. (Gholizadeh and Kohnehrouz, 
2009). Among the various source, pkDAAO, R g D A A O , T v D A A O and human 
D A A O attracted numerous studies. pkDAAO was the first D A A O to be 
successfully purified into homogeneity with a fairly good yield (Ciuti et al., 1973). 
Intense investigations were performed on pkDAAO, providing solid knowledge of 
this flavoprotein. Starting from the mid-1980s, yeast DAAOs, like R g D A A O 
(Pilone et al., 1987) and T v D A A O (Kubicek-Pranz and Rhor, 1985)，became an 
alternative source and were extensively employed for biochemical analyses (Pilone, 
2000). With the advancing techniques in molecular biology, human D A A O was 
also successfully cloned, expressed and purified recently (Molla et al, 2006). The 
long track history of D A A O studies has made this enzyme a paradigm for 
flavoproteins. 












Fig. 7. Phylogenetic tree of D A A O s (adapted from Pollegioni et al., 2007a). 
D A A O can be found in various eukaryotic organisms. D-Aspartate oxidase 
(DASPO) is a structural homolog to D A A O and is responsible for deamination 
of acidic D-amino acid residues. 
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oxidative deamination of neutral and basic D-amino acids to form the corresponding 
a-keto acids which are important intermediates in different metabolic pathways 
(Hutson et al.，2005). However, the exact physiological roles of D A A O remain 
elusive (Pollegioni et al., 2007a). It was suggested that human D A A O is involved 
in D-serine metabolism in the dopaminergic pathway in human brain (Kawazoe et al,, 
2007) and its elevated expression was related to the clinical presentation of 
schizophrenic symptoms (Bumet et al., 2008). D-Amino acids ingested were 
proposed to have deleterious effects on tissues if they were not properly metabolised. 
Thus, it was proposed that p k D A A O plays an important role in maintaining the 
homeostasis of D-amino acids in pigs (D'Aniello et al, 1993). For R g D A A O and 
T v D A A O , they were proposed to have inducible expression for assimilation of 
D-amino acids (Pollegioni et al., 2007a). There was an increase in the deamination 
activity when the yeasts grew on medium with D-amino acids serving as the sole 
carbon and nitrogen source. Although there are diverse sources of D A A O , not all 
of them show catalytic activity on the bulky non-physiological substrate, CPC. 
Thus, appropriate D A A O s should be employed in the industrial two-step 
bioconversion. 
1.7. Yeast D A A O s are suitable candidates for the enzymatic bioconversion 
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Previous studies showed that D A A O s from pig kidney (Pollegioni et al.，2004)， 
Rhodotorula gracilis (Pollegioni et al., 1997)，Trigonopsis variabilis (Szwajcer-Dey 
et al.，1990), Fusarium solani (Isogai et al., 1990)，F. oxysporum, Verticilium 
lutealbum (Gabler et al., 2000) could catalyse the deamination of CPC. However, 
only R g D A A O and T v D A A O demonstrate industrial applicability, while the others 
never draw any commercial attention due to their subtle activity and undesirable 
properties. Comparisons of pkDAAO, R g D A A O and T v D A A O clearly revealed 
that T v D A A O is the best candidate for the enzymatic bioconversion of CPC in terms 
of catalytic efficiency, product inhibition and thermostability (Pollegioni et al.，2004; 
Tishkov and Khoronenkova, 2005; Dib et al., 2006). It is echoed with a large 
number of filed patents regarding this enzyme (Pilone, 2000). Nevertheless, intense 
researches on these three D A A O s are still continuing in order to provide useful 
information to engineer this industrially-useful enzyme. 
1.8. Structural and mechanistic studies of D A A O s 
Detailed studies were performed on D A A O s with the help of recombinant D N A 
technology. However, these studies predominantly focused on the catalysis of 
D-alanine (Pollegioni et al., 2007a). Nevertheless, the results still provided useful 
information for rational modifications of D A A O . 
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Protein crystallography remains the major technique for structure-function 
relationship study of DAAOs. Although the protein crystallography technique had 
been established for more than 30 years, there was no report on the tertiary structure 
of D A A O s until mid-1990s. In 1996，two independent groups resolved the crystal 
structure of p k D A A O in complex with the inhibitor (benzoate) at 2.5A and 3.0A 
resolution (Mattevi et al., 1996; Mizutani et al.，1996). Recently, high quality 
crystal structures of R g D A A O were obtained with different substrates and ligands 
bound, and the resolution was high to 1.2人(Umhau et al., 2000; Pollegioni et al, 
2002). However, the crystal structure of T v D A A O is yet unsolved. A comparison 
of the available information about the structure-function relationship of pkDAAO, 
R g D A A O and TvD A A O is tabulated (Table 2). 
The oligomeric state of D A A O from different sources is not identical. 
p k D A A O was found to be a homodimer with a elongated "head-to-head" 
configuration (Mattevi et al, 1996; Mizutani et al, 1996) (Fig. 8A). Interestingly, 
R g D A A O was also shown to present as a homodimer but with a tighter "head-to-tail" 
configuration, which conferred to a more stable quaternary structure (Umhau et al, 
2000; Pollegioni et al., 2002) (Fig. 8B). An extra loop (P302-E322) is present in 
R g D A A O . Deletion of this loop abolished the enzyme dimerisation, suggesting its 
involvement in maintaining the dimeric structure of R g D A A O (Piubelli et al., 2003). 
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Table 2. Structure-function relationship of DAAOs^ (Slavica et al., 2005; 
Tishkov and Khoronenkova, 2005; Pollegioni et al, 2007b) 
p k D A A O R g D A A O T v D A A O 
Oligomeric Homodimer Homodimer Homodimer 
state (2x39.6 kDa)b (2x40 kDa) (2x39.3 kDa)b 
Dimerisation P119-D123 P302-E322 n.a.c 
FAD binding A49-L51，D192， G52, N54，S335, D206 
H307, T317 Y338，Q339, 
Active site T216-Y228 Y238 n.a. 
entrance 
Substrate N54, Y224, Y228, N54，F58,M213, • n.a. 
binding R283,1230, G313 Y223,Y238, R285, 
S335,Q339 
Stability F42 n.a. C108，M156，M209 
Residue number refers to the respective enzyme. 
‘Oligomeric state depends on enzyme concentration. 
No information available. 
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Fig. 8. Modes of dimerisation. The two monomers are shown in pink and 
blue, while the FAD molecules are shown in yellow. (A) pkDAAO (PDB: 
1VE9) forms a dimer with "head-to-head" configuration. (B) R g D A A O (PDB: 




In contrast to R g D A A O , reports showed that the oligomeric state of pk- and 
TvDAAO is dependent of the enzyme concentration (Curti et al.，1992; Tishkov and 
Khoronenkova, 2005). Basically, they are also homodimers, but have an ability to 
form tetramer and more complex oligomers at higher enzyme concentrations. 
Although the FAD binding domains are well conserved, the mammalian 
DAAOs have a weaker FAD affinity (IQ -10'^ M ) than yeast D A A O s {Kd -10"^ M ) 
(Pollegioni et al., 2007a). In fact, the isoalloxazine ring is located at the subunit 
interface and is completely buried so that the cofactor is inaccessible for solvent 
molecules (Pollegioni et al., 2007b). Therefore, the FAD affinity is actually 
affected by the monomer-oligomer equilibrium. The "head-to-head" dimerisation 
in pkDAAO is less tight than yeast DAAOs, and therefore leads to a weaker FAD 
affinity. In fact, several residues involved in FAD-binding (A49-L51, H307, D192 
in pkDAAO) (Mattevi et al., 1996; Mimtani et al, 1996), (G52, N54, S335, Y338， 
Q339 in R g D A A O ) (Umhau et al., 2000; Pollegioni et al., 2002) were identified to 
form hydrogen bond network with FAD and they might be potential sites for 
modulations of F A D binding. 
On the basis of the crystal structures of pk- and R g D A A O and their kinetic 
properties, the mechanism of substrate catalysis was illustrated (Fig. 9). The 













D-Amino acids a-Keto acids 〇2 H2O2 
E-FAD E-FADH2 E-FADH2 E-FAD 
Fig. 9. Reaction mechanism of DAAOs. (A) The deamination of substrate 
proceeds with the direct hydride transfer of a-hydrogen from the substrate to the 
N5 position of isoalloxazine ring of oxidised FAD (Pilone, 2000). (B) Double 
displacement mechanism of DAAOs. The release of a-keto acids is the limiting 
step in p k D A A O due to the presence of "active-site lid", while the re-oxidation 
of FADH2 is the limiting step in yeast DAAOs. 
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binds to the oxidised form of D A A O which harbours a F A D molecule per subunit 
(E-FAD); (2) a direct hydride transfer from the a-hydrogen of the substrate to the N5 
position of the isoalloxazine ring of FAD, yielding an imino acid (Fig. 9A) which is 
subsequently hydrolysed to form the corresponding a-keto acid; (3) the a-keto acid 
then leaves the substrate binding pocket; (4) finally, the reduced enzyme (E-FADH2) 
is oxidised by molecular oxygen so that the oxidised form of D A A O (E-FAD) is 
recovered for the next round of deamination. These reaction steps constituted the 
double displacement mechanism observed in D A A O s (Curti et al., 1992; Pollegioni 
et al.，1993) (Fig. 9B). However, bi-substrate kinetics of p k D A A O and R g D A A O 
revealed different rate-determining steps in these two enzymes. The presence of 
"active-site lid" in p k D A A O (I215-N225) limits the rate of a-keto acid release and 
results in narrower substrate specificity (Vanoni et al., 1997). In contrast, the lid is 
absent in R g D A A O so that the limitation is not imposed by the hindrance of a-keto 
acid release, but is the re-oxidation of FADH2. Besides the reaction mechanism, 
Q53，Y224, Y228，1230, R283 and G313 in p k D A A O , and N54, F58, M213, Y223, 
1225, Y238, R285, S335, Q339 in R g D A A O were all proposed to be involved in 
substrate binding (Pollegioni et al., 2007b), where as CI08 in T v D A A O was 
responsible for oxidative denaturation (Slavica et al., 2005) (Table 2). However, no 
single amino acid residue has been exclusively attributed to catalysis of D-amino 
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acids and CPC (Mizutani et al.，1996; Mattevi et al., 1996; Umhau et al.，2000). 
Although the abovementioned residues provided useful insights, site-directed 
mutagenesis of the corresponding amino acid residues in T v D A A O is relatively 
unexplored. 
1.9. Modifications of pkDAAO, R g D A A O and T v D A A O 
With their crystal structures published, a series of rational mutagenic studies 
were performed on pkDAAO and RgDAAO. For example, to produce a biosensor 
detecting all D-amino acids, mutagenesis was performed on pkDAAO (Bakke et al., 
2006; Setoyama et al., 2006) and R g D A A O (Pollegioni et al., 2003; Rosini et al., 
2008) in order to broaden their substrate specificity and enhance their thermostability. 
Although the crystal structure of T v D A A O is unavailable, mutagenic studies on the 
basis of p k D A A O and R g D A A O (Ju et al., 1998; Ju et al., 2000; Lin et al.，2000) and 
the homology model (Dib et al., 2006; Arroyo et al., 2007) were performed to 
modulate the properties of T v D A A O to better suit its industrial applications. 
Since the yeast D A A O s are suitable candidates for the two-step bioconversion 
of CPC, different ways were attempted to engineer these enzymes. Expression of 
fusion protein can be one of the approaches. Chimeric protein of T v D A A O and 
GL-7-ACA acylase was generated for direct production of 7-ACA (Luo et al, 2004). 
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There was also a trial to fuse the Vitreoscilla haemoglobin with R g D A A O to improve 
the oxygen supply for CPC deamination (Khang et al., 2003). Recently, 
homologous subunit fusions of R g D A A O and T v D A A O were performed to enhance 
the enzyme stability (Wang et al., 2008b). However, all these fusion proteins have 
a compromise in the enzyme activity and are far away from industrial uses. To 
fulfil the ever high demand of 7-ACA，DAAO variants with improved catalytic 
activity and stability are needed, and deeper understanding of the molecular 
interaction with CPC should be pursued for the industrially-relevant T v D A A O . 
1.10. Objectives of the study 
The present study aimed to evaluate T v D A A O mutants with enhanced catalytic 
properties towards CPC and improved thermostability. Rational mutagenesis was 
performed on the basis of the three-dimensional homology model of T v D A A O . 
Molecular interaction with CPC and structure-activity relationship of T v D A A O were 
proposed through detailed kinetic and thermostability studies. 
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C H A P T E R 2 H O M O L O G Y M O D E L L I N G 
2.1. Introduction 
Homology modelling is a useful tool in comparative studies of proteins. It 
aims to construct a structural model of a target protein with reference to the selected 
protein templates. Building a reliable model relies on high sequence homology 
between the target and template proteins. Although the quality of homology model 
increases with the sequence similarity, valid homology models can also be built with 
sequence identity as low as 15% (Koehl and Levitt, 1999). Nowadays, the 
availability of computer resources, protein sequences and structures laid a foundation 
for using homology modelling to determine the unsolved protein structures. 
A reliable homology model conjugated with in silico molecular docking helps 
identify crucial amino acid residues and provides clues for protein engineering. For 
example, homology model of toluene ortho-monooxygenase from Burkholderia 
cepacia revealed the importance of a valine residue in substrate positioning 
(Feingersch et al., 2008), homology model of myo-inositol dehydrogenase from 
Bacillus subtilis also helped identify a conserved motif for substrate recognition 
(Daniellou et al., 2007). 
Since the tertiary structure of T v D A A O is yet unavailable, homology modelling 
remains the only way for simulation of the three-dimensional structure of this 
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enzyme. In fact, homology model of T v D A A O was also built in other studies 
(Slavica et al, 2005; Pollegioni et al.，2007b), but none of them focused on the CPC 
catalysis. In this chapter, the selection of homologs and the bioinformatics for 
homology modelling of T v D A A O are presented. On the basis of the homology 
model, rationales for improving catalytic activity towards CPC are proposed and 
mutagenic sites would be determined accordingly. 
2.2. Methods 
2.2.1. Sequence alignment and selection of homologs 
Amino acid sequences of different D A A O s were obtained from GenBank 
(Benson et al., 2008). Sequence alignment was performed using ClustalW2 (Larkin 
et al., 2007) with default settings. The resultant alignment was annotated with 
reference to the tertiary structure o f R g D A A O (PDB: ICOL). 
2.2.2. Generation of three-dimensional T v D A A O model 
The programme, Insight II (Accelrys Inc.), was employed for construction of 
the homology model of T v D A A O using p k D A A O (PDB: 1VE9) and R g D A A O 
(PDB: ICOL) as templates. Amino acid sequence similarity was verified by the 
same programme before modelling. The built T v D A A O model was validated with 
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Ramachandran plot (Ramachandran et al.，1963) and refined according to the manual 
of the programme. The R M S D and TM-score of the model were calculated by 
STRAP (Gille and Frommel, 2001) after superimposition with the respective 
templates. In silico docking of CPC to the T v D A A O model was performed by 
AutoDock4 (Morris et al., 1998). The finished model was then visualised by 
SWISS-PdbView v4.0 (Schwede et al., 2003) and P y M O L Molecular Graphics 
System vl.lrl (DeLano, 2008). 
2.3. Results 
The amino acid sequence alignment suggested several conserved regions among 
D A A O s (Fig. 10). Some of them were responsible for F A D binding while the 
others constitute the architecture of the substrate binding pocket. The alignment 
showed that T v D A A O has a high degree of amino acid sequence homology with 
p k D A A O (identity: 25.00%; strong similarity: 15.59%) and R g D A A O (identity: 
28.61%; strong similarity: 17.47%), hence they were suitable to construct a 
three-dimensional structure of T v D A A O (Fig. 11 A). Ramachandran plot analysis 
of the model indicated that all residues fell in the allowable regions (Ramachandran 
et al., 1963). The R M S D values after superimposition with p k D A A O and 










•] ] ] ] ] ] ] - » » » » » » > - - ] ]]]] ]• 
- » •]]] 
-一MAKI V j j I SASSASITTEBQLLRKGHEV—TIVSEFTPGDLSI GYTSPWSGANILTFY 55 
M H S Q K R V V _ L _ I ILARKGYSV-HI LARDLPEDVSSQTFASPV^GAN|TPFM 59 
MRVV| I M 丨 SSSFLC I HERYHSVLQPLDVKVYADRFTPFTTTDV0AGL|QPYT 56 
MRVV| I I S|STE|C IHERYHSVLQPLDI KVYADRFTPLTTTDVEAGL|QPYL 56 
MRVV|I • ISSST0SCIHELYHSALQPLDMTIYADRFTPLTNTDV0AGL|QPYL 56 
— - - M R V A I I _ I S J s t S J C I H E R Y H P T - Q P L H M K I Y A D R F T P F T T S D V I a G l I q P Y L 55 
——MRVAII_I S !ST0|CIHERYHPA-QPLHMKIYADRFTPFTTSDvEAGl iQPYL 
• • ‘ “ I 
55 
——»»»»»»»> » ] ]]—]]]] ] 一 一 » 
Tv D---GGKL0DYDAVSYP1LRELARSSPEAGI R| INQRSHVLKRDLPKLEGAMSAICQRNP 112 
Rg TLTDGPRQ IKWEESTFKKWVELV—PTGHAMW|KGTRRFAQNEDG- LLGH 106 
pk SEPSNPQE|NWNQQTFNYLLSH I GSPNAANMG|TPVSGYNLFREA VPDP 105 




- V P D P 105 
- V P D P 104 








- > - - ] ] ] ] ] - ] ] ] ] - » » » » » » » > - ] ]]]]• 
WFSNTVDSFE 11EDRSRIVHDDVAYLVEFASVCI HTGVDLNW|MSQCLSL@ATVVKBRBN 172 
VVY0DITPNYRPLPSSE- - -CPPGAI GVTYDTLSVHAPI|CQY|\RELQKI JATFEF|T|T 163 
YWSDMVLGFRKLTPRELDMFPDYRYGWFNTSLILEGRKBLQW|TERLTER@VKFFLSK|E 165 3  
1DTVLGFRKLTPRELDMFPDYGYGWFHTSLI LEGKNBLQW|TERLTER@VKFFQSK|E 165 
TVLGFRKLTLRELDMFPGYSYGWFNTSLILDGRSBLQW|TKRLTER@VKLFC|KBE 165 
JNAVLGFRKLTPSEMDLFPDYGYGWFNTSLLLEGKS!SLPW|TERLTER|VKL I H|K|E 164 



























 h u M
 丨
 e 
# 腳 s s g 
FAD-binding domain 
•]]]]]]]]]]]]]] 
- ] ] ] ] ] -
SLEQA FDG-A|LVV|A 
SFEEV ARGGA|VI ||C 
SFEEV AREGA|VIV|C 
SFDEV A G G G v | v i v | c 
SLEEV ARG - vgv i l | c 
SFEEV V R G G v i v i GALQ 
VVL|RNSLPFMASFSST 232 
TVLBKSPCKRCTMDSSD 217 
I IK|DAPWLKNFI ITHD 218 
IMK|DAPWMKHFILTHD 218 
IKBDAPWVKHFIITHD 218 
IQ IEAPWIKHF ILTHD 216 
IQ|EAPWIKHFILTHD 217 
Fig. 10. Amino acid sequence alignment of D A A O s . 
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Fig. 10. Amino acid sequence alignment of D A A O s (continued). 
Notations are as follows and GenBank accession numbers (Benson et al., 2008) 
are in brackets. Tv: T. variabilis (AY514426); Rg: R. gracilis (Z71657); pk: 
pig kidney (M16972); h: human (NM_00197); Rab: rabbit (NM—001082189); 
M : mouse (NM_001018); and R: rat (NM_053626). The alignment was 
performed by ClustalW2 (Larkin et al., 2007) with default settings. Conserved 
residues are shaded. F A D binding domains are indicated. Mutagenic sites are 
underlined. The structural annotations refer to the crystal structure of 
R g D A A O (PDB: ICOL). ">" represents a-helix; “]“ represents (3-strand. 
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Fig. 11. Homology model of T v D A A O . (A) Stereoview of the predicted 
three-dimensional structure of W T visualised by SWISS-PdbView v4.0 
(Schwede et al.，2003). a-Helices (pink) and (3-strands (blue) are shown. The 
proposed substrate binding pocket, dimerisation domain and FAD binding 
domain are boxed. (B) CPC-docked substrate binding pocket visualised by 
P y M O L Molecular Graphics System vl.lrl (DeLano, 2008). Residues F54, 
W113 and F114 were identified in proximity to the bound CPC. 
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0.88 respectively. In silico docking was performed to generate an energetically 
favourable CPC-docked model. Closer examination showed that F54, W113 and 
F114 are in proximity to the bound CPC (Fig. IIB). 
2.4. Discussion 
The current T v D A A O model was generated with good quality after assessment 
of its R M S D values (<3A) and TM-scores (>0.5) (Gille and Frommel, 2001). 
Superimposition of the model with the templates (Fig. 12) revealed similar overall 
structure among p k D A A O , R g D A A O and T v D A A O . The two-domain structural 
feature of a D A A O monomer was present: a FAD binding domain and a dimerisation 
domain (Fig. 11 A). The Rossmann folds (Rossmann et al.，1974) for FAD binding 
were evident, while the two twisted P-sheets formed the pseudo-P-barrel structure 
(Pollegioni et al., 2007b) and were attributed to protein dimerisation (Fig. 11 A). In 
fact, the loop (P302-E322) responsible for dimerisation in R g D A A O was not 
observed in the present T v D A A O model (Fig. 12A), suggesting that T v D A A O does 
not form dimers with "head-to-tail" configuration (Fig. 8B). In contrast, the helix 
(P119-D123) involved in dimerisation in p k D A A O was found in the model (Fig. 
12B), indicating that T v D A A O may form dimers with a similar oligomeric 
configuration with p k D A A O (Fig. 8A). Furthermore, both p k D A A O and T v D A A O 
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Fig. 12. Superimposition of T v D A A O model with templates. The overlaid 
structure was constructed and visualised by SWISS-PdbView v4.0 (Schwede et 
al., 2003). T v D A A O model is shown in pink. (A) Overlay with R g D A A O 
(PDB: ICOL) (green). The loop (P302-E322 of R g D A A O ) responsible for 
"head-to-tail" dimerisation was indicated. (B) Overlay with p k D A A O (PDB: 
1VE9) (blue). The helix (P119-D123 of pkDAAO) responsible for 
"head-to-head" dimerisation was indicated. 
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Fig. 12. Superimposition of T v D A A O model with templates (continued). 
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have the ability to form higher oligomers at high protein concentration, while 
R g D A A O is essentially a homodimer (Curti et al., 1992; Tishkov and Khoronenkova, 
2005). Therefore, this further suggested the similarity in oligomeric state between 
p k D A A O and T v D A A O . 
In silico docking of CPC to the T v D A A O model allowed identification of 
putative amino acid residues in the substrate binding pocket. Three residues (F54, 
W113 and F114) were selected owing to their close proximity to CPC (Fig. IIB). 
Their corresponding residues in other D A A O s predominantly conserve the aromatic 
functional group (Fig. 10). For F54, Tyr was found at the homologous position in 
other DAAOs, except R g D A A O . For W113, while Rg- and T v D A A O conserved 
the Trp residue, other D A A O s possessed Ser，Tyr or Phe at the homologous position. 
For F114, R g D A A O had a Tyr residue at the homologous position, whereas others 
conserved a Trp residue. None of these three residues constitutes to the major 
structural feature in accordance to the crystal structure of R g D A A O (Fig. 10). In 
particular to F54, the corresponding residue F58 in R g D A A O was proposed 
contributing to substrate binding (Sacchi et al, 2002). Furthermore, previous 
studies on R g D A A O illustrated an extensive hydrogen bond networking with 
substrates in the substrate binding pocket (Pollegioni et al., 2007b). Thus, 





C H A P T E R 3 MUTAGENESIS, EXPRESSION, PURIFICATION A N D 
SCREENING O F M U T A N T S 
3.1. Introduction 
Prior to the advent of molecular biology, crucial amino acid residues in D A A O s 
were investigated using chemical modifiers and artificial flavins (Pilone, 2000). 
Much information was obtained from modification studies on pkDAAO. For 
example, fluorodinitrobenzene was employed to modify the Tyr residues in the active 
site (Nishino et al., 1980). One of the disadvantages of chemical modification is the 
possibility to modify more than one type of amino acid residue. In fact, it was later 
on found that fluorodinitrobenzene did not exclusively act on Tyr, but also on Lys 
(Swenson et al., 1982). Nevertheless, at least, the chemical modification studies 
provided information about the types of amino acid residue involved in substrate 
catalysis of DAAOs. 
Nowadays, site-directed mutagenesis has become a powerful technique to 
elucidate the role played by specific amino acid residues regardless of their location 
in proteins. Although the crystal structures of p k D A A O and R g D A A O were 
solved, the roles played by different amino acid residues (Table 2) could only be 
demonstrated by constructing specific mutants. Since there is no crystal structure of 
T v D A A O , functional analysis of the role played by certain residues can only rely on 
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mutagenic studies. Usually, mutants were expressed in a heterologous host to 
minimise the necessity of time-consuming fermentation of the original organism. 
Attempts were performed to express T v D A A O in different hosts, including 
Escherichia coli, Saccharomyces cerevisiae, Kluyveromyces lactis, 
Schizosaccharomyces pombe and Pichia pastoris (Pollegioni et al.，2007a). The 
highest yield was obtained from the E. coli expression system. This led to the 
employment of E. coli as the expression host in the present study. 
According to the homology model, it was decided to introduce the following 
mutations into TvDAAO: F54Y, W113Y and F114Y. Double and triple mutants 
were also generated to test for synergistic effect. To m y best knowledge, there is no 
mutagenic study regarding these residues in T v D A A O . This chapter describes the 
construction of the mutants. The mutants were then expressed in E. coli and 
purified before activity and thermostability screening. 
3.2. Materials and methods 
3.2.1. Cloning of T v D A A O mutants 
3.2.1.1. Preparation of competent E. coli 
Two strains of E. coli were involved in the present study. The first one was 
TOP 10 (Invitrogen)，used as a cloning host for plasmid propagation. The other one 
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was BL21(DE3)pLysS (Novagen), employed for heterologous expression of 
T v D A A O mutants. All chemicals were purchased from Sigma if not otherwise 
specified. Competency was introduced to both strains as follows. Briefly, a single 
colony of the respective strains was inoculated in 3 m L LB (37°C, 250 rpm). One 
m L of the overnight culture was sub-cultured in 100 m L Psi broth (5 g/L Bacto™ 
yeast extract [BD]，20 g/L Bacto™ tryptone [BD] and 5 g/L MgS04，pH 7.6) (37。C, 
250 rpm) until cell density reached -0.5 of optical density at 550 run. The culture 
was then collected and chilled for 15 min. Cells were harvested by centrifugation 
(3000 g, 5 min, 4°C). The cell pellet was retained and resuspended in 40 m L Tfbl 
(30 m M potassium acetate, 100 m M RbCb, 10 m M CaCb, 50 m M M n C ^ and 15% 
(v/v) glycerol [USB], pH 5.8) and chilled for 15 min. The cells were pelleted again 
by centrifugation (3000 g, 5 min, 4。C) and resuspended in 4 m L Tfbll (10 m M 
3-[A^-morpholino]propane-sulphonic acid [USB], 75 m M CaCl〗，10 m M RbCl〗 and 
15% (v/v) glycerol [USB], pH 6.5) and chilled for 15 min. Finally, the cells were 
dispensed into 50 ^ iL aliquots, frozen with liquid nitrogen and stored at -70°C. 
3.2.1.2. Transformation ofE. coli 
One jiL of purified plasmid or 4 |iL of ligation mixture was added to 50 |iL 
frozen competent E. coli. After incubation on ice for 30 min, the cells were 
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heat-shocked (42。C，1 min) and then returned to ice bath for another 1 min. 
Four-hundred jiL of LB was then added for regeneration (37°C, 250 rpm, 2 h). 
Aliquots were plated on LB agar containing appropriate antibiotics (50 p-g/mL 
ampicillin [USB] or 50 |ig/mL kanamycin [USB]) and incubated at 37°C overnight. 
3.2.1.3. Agarose gel electrophoresis and gel-purification 
Unless otherwise specified, D N A fragments were separated by 1% (w/v) 
agarose gel electrophoresis in TBE (45 m M Tris-borate, 1 m M EDTA). After 
electrophoresis, the gel was stained with 0.5 iig/mL ethidium bromide for 15 min and 
the D N A bands were visualised under U V irradiation. The bands with desired size 
were excised with a clean scalpel. The entrapped D N A fragments were then 
purified with a commercially available kit (MEGA-spin™ Agarose Gel Extraction 
Kit, iNtRON) in accordance to the manufacturer's manual. Briefly, appropriate 
volume of agarose lysis buffer was added to completely dissolve the excised gel at 
60°C. After solubilisation, the sample was applied to an anion-exchange column by 
centrifiigation (13000 rpm, 1 min, 25°C), and then subject to ethanol precipitation. 
The bound D N A was finally eluted with 50 \iL distilled water by centrifugation 
(13000 rpm, 1 min, 25°C). 
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3.2.1.4. Plasmid extraction 
A single colony of the transformant was inoculated in 3 m L LB containing 
appropriate antibiotics (50 |j,g/mL ampicillin or 50 jig/mL kanamycin) (37°C，250 
rpm, overnight). A commercially available kit (DNA-spin™ Plasmid D N A 
Purification Kit, iNtRON) was employed to extract the plasmid. The plasmid was 
isolated in accordance to the manufacturer's manual. Briefly, the cells were 
harvested by centrifugation (4000 rpm, 5 min, 25°C) and resuspended with 250 pL 
resuspension buffer. The resuspended cells were lysed by lysis buffer containing 
sodium dodecyl sulphate (250 ^ iL) for 5 min. Then, neutralisation buffer (350 ^ iL) 
was added. Samples were clarified by centrifugation (13000 rpm, 10 min, 4°C). 
Supernatant was applied to an anion-exchange column by centrifugation (13000 rpm, 
1 min, 25°C), and then subject to washing with appropriate buffer and ethanol 
precipitation. The plasmid was finally eluted with 50 [iL distilled water by 
centrifugation (13000 rpm, 1 min, 25°C). 
3.2.1.5. Site-directed mutagenesis of T v D A A O 
Mutations were introduced by overlapping P G R (Ho et al.，1989) with 
mutagenic primers (Table 3). The W T was previously cloned (GenBank: 
AYS 14426) into a pRSET-based expression vector to yield pRSET-kan-DAAO (Yau 
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Table 3. Primer sequences for site-directed mutagenesis of TvDAAO^ 
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a The primer sequences were in standard desalted grade (Molecular Informatrix 
Laboratory), 
b The mutated codons are underlined. 
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et al, 2006) and was employed as the template for mutagenesis. 
For individual PGR, the reaction mixture (50 jiL) contains 0.2 |iM of each 
primer (Molecular Informatrix Laboratory), 0.2 m M deoxynucleotide triphosphates, 
2 m M MgCl2 (Invitrogen), 1 |iL template, 5 |iL of lOx P G R buffer (Ix buffer: 50 
m M KCl，20 m M Tris-HCl，pH 8.4) (Invitrogen), and 2.5 U Platinum Tag D N A 
polymerase High Fidelity (Invitrogen). For the first round PGR, the conditions 
were: denaturation at 95°C for 1 min, annealing at 53°C for 1 min, extension at 68°C 
for 3 min, for 30 cycles. The amplified fragments were subject to agarose 
gel-electrophoresis and gel-purified as described. The purified D N A fragments 
were employed for the second round P G R using the same abovementioned conditions. 
The PCR products were gel-purified again, ligated to the cloning vector pGEM®-T 
easy (Promega) at 16°C overnight and transformed into E. coli TOP 10 with 
ampicillin selection. The plasmids were extracted from transformants and the 
presence of insert (〜1 kilo base pair) was confirmed by Notl (New England Biolabs) 
restriction (10 |iL) containing 2 i^ L plasmid, 1 \iL lOx NEBuffer 3 (Ix buffer: 
lOOmMNaCl, 50 m M Tris-HCl, lOmMMgCb，1 m M dithiothreitol, pH 7.9)，1 ^ig 
bovine serum albumin, and 5 U Notl. The reaction mixture was then incubated at 
37°C for 1.5 h. Results were evaluated by agarose gel-electrophoresis as described. 
All the mutations were confirmed by automated D N A sequencing (Tech Dragon). 
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The plasmid harbouring the verified sequence was then subject to double 
digestion with Ndel and BgRl (New England Biolabs). The reaction (50 |iL) 
contained 5 pL plasmid, 5 i^L lOx NEBuffer 3, and 5 U Ndel and BgRl. The 
T v D A A O mutant gene (〜1 kilo base pair) was gel-purified and ligated to 
Ndel-Bglll-o^QWQd pRSET-kan-DAAO to yield plasmids harbouring the designated 
mutations (Table 4). The plasmids were then transformed into E. coli TOP 10, 
propagated under kanamycin selection, and extracted as described. 
3.2.2. Heterologous expression and purification of mutants 
3.2.2.1. Shake flask fermentation 
The plasmid harbouring W T and mutant gene were respectively transformed 
into competent E. coli BL21(DE3)pLysS cells. For the seed culture, a single colony 
of kanamycin-selected transformants was inoculated in 3 m L LB containing 50 
jig/mL kanamycin (37°C, 250 rpm). After 8 h inoculation, 2 m L of seed culture was 
transferred to 200 m L 1.5x LB in a 1 L flask and fermented overnight (37°C, 250 
rpm). 
3.2.2.2. Cell harvest and disruption 
After overnight fermentation, cells were harvested by centrifugation (2400 g, 15 
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Table 4. Vectors employed for expression of T v D A A O mutants 
Vector Note 
pRSET-kan-DAAO 












An expression vector derived from pRSET-A (Invitrogen) 
harbouring the W T gene. Ampicillin resistance gene was 
substituted by kanamycin resistance gene. T7 promoter 
was substituted by a constitutive promoter. 
An expression vector derived from pRSET-kan-DAAO 
with the W T gene substituted by F54Y gene. 
An expression vector derived from pRSET-kan-DAAO 
with the W T gene substituted by W113Y gene. 
An expression vector derived from pRSET-kan-DAAO 
with the W T gene substituted by F114Y gene. 
An expression vector derived from pRSET-kan-DAAO 
with the W T gene substituted by F54Y/W113Y gene. 
An expression vector derived from pRSET-kan-DAAO 
with the W T gene substituted by F54Y/F114Y gene. 
An expression vector derived from pRSET-kan-DAAO 
with the W T gene substituted by W113Y/F114Y gene. 
An expression vector derived from pRSET-kan-DAAO 
with the W T gene substituted by F54Y/W113 Y/Fl 14Y 
gene. 
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min, 4°C). Cells were then washed and resuspended in 20 m L pre-chilled Buffer A 
containing 1 m M phenylmethylsulphonyl fluoride. The resuspended cells were 
disrupted by sonication on ice (ten cycles, 15 s each, with 15-s intervals). Insoluble 
debris was removed by centrifugation (13000 g, 30 min, 4°C). 
3.2.2.3. Purification of W T and mutants 
The supernatant of cell lysate was retained and filtered by 0.20 jim membrane 
(Millipore). Filtrate was then applied to a DEAE-cellulose column (30 m m x 80 
m m , Sigma) equilibrated with Buffer A. After washing with 5 column-volumes of 
the same buffer, the bound proteins were eluted with Buffer A containing 0.15 M 
NaCl. Active fractions were pooled and concentrated by ultrafiltration (Vivaspin 20 
with molecular weight cut off = 10 kDa, Sartorius). The concentrated sample was 
loaded onto a Hi-Load 16/60 Superdex 200 pg gel-filtration (Amersham Bioscience) 
operated by the A K T A Purifier System (Amersham Bioscience), running with 50 
m M NaH2P04, 0.15 M NaCl at pH 7.5 at 1 mL/min. Active fractions were 
collected. 
3.2.2.4. Determination of protein concentration 
Protein concentration was determined by the method of Bradford (Bradford, 
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1976). For an individual measurement, protein sample (100 |iL) with appropriate 
dilutions was mixed with 5-fold diluted protein assay dye (5 mL, Bio-Rad). After 5 
min incubation at room temperature, absorbance at 595 nm was measured. A 
standard curve of bovine serum albumin was constructed and the protein 
concentration of samples was calculated with respect to it. 
3.2.2.5. SDS-PAGE 
Samples were collected at different purification stages and the progress was 
monitored by SDS-PAGE. Polyacrylamide gels were casted in accordance to the 
protocol (Sambrook et al, 1989). The stacking gel and resolving gel contained 5% 
(w/v) acrylamide in 125 m M Tris (pH 6.8) and 12% (w/v) acrylamide in 375 m M 
Tris (pH 8.8) respectively. Polymerisation was initiated by the addition of 0.1% 
(w/v) sodium dodecyl sulphate, 0.1% (w/v) ammonium persulphate, and 0.1% (v/v) 
tetramethylethylenediamine. Protein samples were heat denatured at 100°C for 10 
min in the presence of P-mercaptoethanol. Protein amount ranged from 5-15 \ig 
was loaded into each sample well. Resolved proteins were visualised by Coomassie 
Blue staining (Sambrook et al, 1989). 
3.2.3. Screening of mutants 
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Activity of purified mutants was compared with W T using a simple beaker 
assay. Briefly, the reaction mixture (4 mL) contained 180 enzyme, 15 m M CPC 
in 50 m M NaPi，pH 7.5, room temperature. Constant stirring was provided. 
During the reaction, reaction mixture (100 pL) was aliquoted at 1-min interval and 
allowed to react with 3 % (v/v) H2O2 (10 jiL, 30 s) (Fluka) followed by termination 
with 10% (v/v) trichloroacetic acid (50 ^ L) (Sigma). The amount of GL-7-ACA 
liberated was quantified by HPLC (Beckman Coulter) equipped with a C-18 
reverse-phase column (4.6 m m x 250 m m , Beckman Coulter) using 50 m M 
potassium phosphate (pH 7.5) containing 6 % acetonitrile (v/v) as the mobile phase. 
One U was defined as the number of p-mol of GL-7-ACA formed in one min under 
the above reaction conditions. 
Residual activity of mutants after heat treatment was also compared with W T . 
Heat treatment was performed using 0.5 mg/mL purified enzymes at 55°C for 30 min. 
Precipitation was removed by centrifugation (18000 g, 30 min, 4°C). Samples 
without heat treatment served as a control and treated as 100% activity. The 




3.3.1. Preparation of purified T v D A A O mutants 
Seven mutants (F54Y，W113Y, F114Y, F54Y/W113Y，F54Y/F114Y, 
W113Y/F114Y, F54Y/W113Y/F114Y) were successfully constructed by overlapping 
PCR. The mutation notations above represent the corresponding enzyme mutant in 
the following text. W T and mutants were over-expressed in E. coli 
BL21(DE3)pLysS and usually resulted in elevated protein concentration (~3 mg/mL, 
compared with <1 mg/mL in un-transformed cells). The SDS-PAGE showed the 
occurrence of a band with molecular weight -40 kDa, which further confirmed the 
expression of mutants (Fig. 13 A). The current expression method routinely yielded 
30-80 m g protein from a 200-mL bacterial cell culture. After the two-step 
purification, about 1-8 m g protein was usually obtained. The purification process 
was monitored by SDS-PAGE (Fig. 13B). Mutants and W T showed similar 
purification profiles. The enzymes were considered to be homogenous after the 
purification process and were used for subsequent assays. 
3.3.2. Evaluation of activity and thermostability 
In the H P L C profile, the peak of GL-7-ACA was authenticated and the peak 
area was deduced using 32 Karat Software Version 7.0 (Beckman Coulter) (Fig. 14). 
Specific activity was calculated by following the increase of GL-7-ACA. The 
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Fig. 13. SDS-PAGE analysis of expression and purification of T v D A A O 
mutants. The protein samples were resolved by 12% polyacrylamide gel and 
stained with Coomassie Blue. Fifteen |xg protein was loaded to each lane. 
Lane M represents the molecular weight marker (iNtRON). (A) Expression of 
mutants in E. coli BL21(DE3)pLysS. Control was lysate from un-transfromed 
cells. (B) Purification profile of W T . Similar profiles were observed from 
other mutants. 
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Fig. 14. Quantification of GL-7-ACA by H P L C . Reaction mixture was 
separated by a C-18 reverse phase column (4.6 m m x 250 m m , Beckman Coulter) 
using 50 m M potassium phosphate (pH 7.5) containing 6% (v/v) acetonitrile, 
flowing at 1 mL/min. Peaks were detected at 260 run and peak areas were 
analysed by 32 Karat Software Version 7.0 (Beckman Coulter) 
52 
activity and residual activity of the mutants were evaluated (Fig. 15). Among the 
seven mutants, those with Tyr substitution at F54 were found to have ~2-fold 
increase in specific activity on CPC. In addition, while the other mutants did not 
show measurable residual activity after heat treatment (55°C, 30 min), F54Y and 
F54Y/F114Y retained 〜60% residual activity. 
3.4. Discussion 
The expression vector, pRSET-kan (Yau et al., 2006), employed in the present 
study had two special features. First, it had a kanamycin resistance gene, which 
replaced the original ampicillin resistance gene in pRSET-based expression vector. 
It was because the p-lactamase encoded from the ampicillin resistance gene had a 
high affinity to p-lactam antibiotics, including CPC. Thus, even small amount of 
p-lactamase resided in the D A A O preparation would degrade CPC (Lin et al., 2000). 
Second, a constitutive promoter was used to drive the expression of T v D A A O so that 
no induction was required. It is also a desirable feature for industrial enzyme 
preparations since inducers, like isopropyl p-D-1 -thiogalactopyranoside, are toxic to 
E. coli (Teich et al., 1998) and increases the production cost. Furthermore, the 
present constitutive expression system for T v D A A O in E. coli BL21(DE3)pLysS 
seemed not to have toxic effects on cultivation. 
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Fig. 15. Activity screening of purified T v D A A O mutants. Specific activity 
was measured with 5 m M CPC using 180 \ig enzyme. Student's f-test was 
performed to compare the mean activity with respect to the W T (single asterisk 
represents p < 0.05, double asterisk represents p < 0.01). Both F54Y and 
F54Y/F114Y showed 〜6O0/0 residual activity after heat treatment at 55°C, 30 
min. Results shown were average of at least two independent experiments. 
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The results of activity and thermostability screening (Fig. 15) suggested that the 
introduction of a hydroxyl group at F54 may be advantageous for both catalytic 
activity and thermostability, while Tyr substitution at W113 and F114 did not show 
simultaneous enhancement in these two aspects. No synergistic effect was observed 
in double (F54Y/W113Y and F54Y/F114Y) and triple (F54Y/W113Y/F114Y) 
mutants. Instead, it was observed that both Tyr substitution at W113 and F114 did 
not antagonise the enhanced activity of F54Y as the double and triple mutants had 
similar activity to F54Y (Fig. 15). However, it was found that Tyr substitution at 
W113 would abolish the thermostability imposed by Tyr substitution at F54. This 
was evident by the absence of thermostabilising property in F54Y/W113Y and 
F54Y/W113Y/F114Y. In fact, it was documented that W113 of T v D A A O plays a 
role in thermal inactivation. This residue was found next to CI08, a crucial residue 
that is susceptibly oxidised to cysteine sulfinic acid and leads to the formation of 
inactive enzyme (Dib et al., 2005). Thus, the Tyr substitution at W113 may alter the 
local spatial arrangement and hence increase the vulnerability of the 
oxidation-sensitive CI08，promoting the formation of inactive enzyme at elevated 
temperature. As a result, W113Y, F54Y/W113Y and F54Y/W113Y/F114Y did not 
exhibit residual activity after the heat treatment. Nevertheless, the enhanced 
properties in mutants harbouring the Tyr substitution at F54 suggested that the 
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hydroxyl group at F54 of T v D A A O is a contributing factor to both improved 
catalytic activity and thermostability. Thus, in order to delineate the effects of the 
hydroxyl group and the size of the side chain on the improved properties of F54Y， 
Phe was respectively mutated to Ser (F54S, shortened hydroxyl side chain) and Ala 
(F54A, small non-polar side chain). These two additional mutants were 
successfully expressed and purified (Fig. 13)，and were subject to further kinetic 
analyses. 
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C H A P T E R 4 E N Z Y M E KINETICS 
4.1. Introduction 
Industrial processes demand catalysts with favourable kinetic properties. One 
of the reasons why the one-step bioconversion is not used in industry is due to the 
unsatisfactory kinetic properties of CPC acylase. In fact, certain kinetic properties 
have to be considered. These include activity, substrate specificity and enzyme 
stability (Luetz et al., 2008). It is desirable for an industrial enzyme to have a high 
level of specific activity. Measurements of the kinetic parameters usually reveal the 
substrate affinity and turnover. Comparisons of these parameters using different 
substrates allow determination of substrate specificity. Characterisations of the 
enzyme stability against pH, temperature and inhibitors are useful information in 
deciding the optimal reaction condition. In general, rational and random 
mutagenesis are strategies to engineer enzymes. Mutants with enhanced properties 
are selected and directed to further rounds of mutagenesis (Cherry and Fidantsef, 
2003). A candidate fulfilling the requirements of industrial applications may be 
eventually isolated. 
In the current study, rational mutagenesis was performed. The enhanced 
properties caused by the Tyr substitution at F54 were noted. Further investigations 
were focused on this amino acid residue owing to its putative involvement in CPC 
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catalysis and thermostability. This chapter compares the kinetic parameters of WT, 
F54Y, F54S and F54A. Any difference between their affinity and turnover on CPC 
would be identified. Other kinetic properties such as pH effects and product 
inhibitory effects were also investigated. Furthermore, the thermostabilty of 
TvDAAO is superior to other DAAOs, which makes it appropriate for large-scale 
industrial applications (Tishkov and Khoronenkova, 2005; Dib et al., 2006). Thus, 
thermostability studies were also performed and presented in this chapter. Based 
on the results, it was aimed to propose a potential candidate for bioconversion of 
CPC. Simultaneously, it was also aimed to provide insights about structure-activity 
relationship of the substrate binding pocket of TvDAAO. 
4.2. Materials and methods 
4.2.1. Standard assay 
Unless otherwise specified, the activity of purified enzymes was determined by 
standard assay (1 mL) containing 5 m M CPC in 50 m M NaPi (pH 7.5) at 22。C with 
5-20 |j,g purified enzymes and agitation at 1000 rpm in a Thermomixer (Eppendorf). 
The amount of GL-7-ACA liberated was measured. Collection of the reaction 
mixture, termination of reaction, and HPLC quantification of GL-7-ACA were 
essentially the same as described in the previous chapter. 
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4.2.2. Determination of kinetic parameters 
A time progress study was first performed to determine the initial phase. 
Standard assay was performed for 40 min. The changes in CPC and GL-7-ACA 
concentration were followed and steady state phase of reaction was identified. 
The steady state kinetics of enzyme was determined by following the activity 
using standard assay with various CPC concentrations (0.16-10 mM). The Km,app 
and kcai.app values were determined from Lineweaver-Burk plots using three 
independent enzyme preparations. One U was defined as the number of fimol of 
GL-7-ACA formed in one min at 22°C under the above reaction conditions. 
4.2.3. Inhibitory studies 
A modified spectrophotometric assay (Gabler et al.，2000) was employed for the 
determination of Ki of GL-7-ACA. The reaction mixture (1 mL) contained 50 m M 
NaPi (pH 7.5), 0.86 m M o-dianisidine (Sigma), 10 U horseradish peroxidase (Sigma), 
5-20 ^ ig purified enzymes, and different concentrations of CPC (0.31-20 m M ) and 
GL-7-ACA (0-10 mM). The reaction was performed at 22。C, 1000 rpm in a 
Thermomixer (Eppendorf). Aliquots (100 |iL) were withdrawn at 1-min intervals 
and the reaction was immediately terminated by mixing with 30% (v/v) H2SO4 (50 
i^L). Enzyme activity was determined by spectrophotometric measurement of H2O2 
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production at 540 nm. One U was defined as the number of |imol of H2O2 formed 
in one min at 22°C under the above reaction conditions. 
Standard assays were used to determine the Ki of H2O2 of W T and F54Y. The 
reaction mixture (1 mL) contained various concentrations of CPC (0.31-20 m M ) 
and H2O2 (0-500 mM). It was noted that H2O2 was added to the reaction mixture 
just before the initiation of reaction. 
4.2.4. Effects of p H 
Amultibuffer system (pH 6-10) containing 15 m M Tris-HCl, 15 m M H3PO4, 15 
m M Na2C03, 250 m M KCl，and 1% (v/v) glycerol was used (Pollegioni et al, 2004). 
The effects of pH on enzyme stability, activity and kinetic parameters were studied. 
For the pH effect on enzyme stability, the purified enzyme samples were incubated 
(22°C, 30 min) in the multibuffer system at designated pH, and the activity was 
measured by standard assay. For the pH effects on enzyme activity and kinetic 
parameters, standard assays were performed using the multibuffer system at 
designated pH instead ofNaPi. 
4.2.5. Heat treatments 
Purified enzyme samples were adjusted to 1 mg/mL and aliquoted (100 jiL) for 
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heat treatments. For heat treatment at various temperatures, samples were 
incubated at 50°C, 55°C, 6(fC and 65°C for 30 min. For heat treatment with 
different durations, samples were incubated at 55°C for 0-150 min. After heat 
treatments, samples were chilled on ice for 15 min before removal of precipitate by 
centrifiigation (18000 g, 30 min, 4。C). Residual activity of enzymes after heat 
treatment was measured by standard assay. Activity of enzyme samples without 
heat treatment served as a control and as 100% residual activity. In the current 
study, thermostability referred to the resistance of an enzyme to thermal inactivation 
after heat treatment at designated temperature and period. 
4.2.6. C D measurements 
Purified enzyme samples (0.45 mg/mL in NaPi at pH 7.5) were transferred into 
a l-mm path length cuvette and subject to C D measurements. C D spectra (190 to 
260 run) were scanned with a JASCO J810 spectropolarimeter equipped with a 
Peltier-type temperature control unit at 25°C. Secondary structure was calculated 
by C D N N programme (Bohm et al, 1992) using three independent measurements. 
4.3. Results 
4.3.1. Time progress curve analysis 
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The time progress curves revealed both depletion of CPC and formation of 
GL-7-ACA (Fig. 16). Two smooth curves with three discrete stages were 
demonstrated. A burst phase was observed during the first min of reaction. A 
steady state phase was then followed and last for about 20 min. The reaction rate 
finally decelerated and reached the plateau phase after 30 min. There was a 
complete conversion of CPC to GL-7-ACA. Period between the and 3『]min was 
selected as the initial phase for subsequent measurements. 
4.3.2. Kinetics of W T and mutants 
Kinetic parameters of WT, F54Y, F54S and F54A were determined (Table 5). 
Among them, F54Y showed the highest kcat’app and Km,app values, which were 
respectively 〜6-fold and 〜3-fold higher than those of W T . Besides, F54S and F54A 
had their kcat.app values been tripled. Both mutants concomitantly showed a 
reduction in Km,app value. 
Inhibitory studies suggested both GL-7-ACA (Fig. 17) and H2O2 (Fig. 18) 
exhibited competitive inhibition on W T and mutants. The respective Kt values for 
each inhibitor were determined (Table 5). Regarding the inhibitory effect of 
GL-7-ACA, F54Y showed the highest IQ value (-2.5 fold higher than W T ) while 





Fig. 16. Time progress curve analysis of T v D A A O . Reaction was performed 
with 5 m M CPC at 22。C. The formation of GL-7-ACA (#) and depletion of 
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Table 5. Kinetic parameters and inhibitory constants of W T and mutants 
Mutant 
kcat.app Km,app kcat,applKfn,app i^/ofGL-7-ACA Ki of H2O2 
(min-1 严 (mM)' (mM)c (mM)d 
W T 370 1.6 230 1.5 130 
F54Y 2200 4.8 470 3.8 110 
F54S 1000 0.9 1100 1.1 n.d.e 
F54A 1100 1.2 940 0.7 n.d. 
L Determined with 0.16-10 m M CPC at 22°C using three independent preparations of 
enzyme. 
、Per each D A A O subunit. 
'Determined with 0.31-20 m M CPC and 0-10 m M GL-7-ACAat 22°C using 
spectrophotometric measurements. Results shown were average of three 
independent experiments. 
‘Determined with 0.31-20 m M CPC and 0-500 m M H2O2 at 22°C. Results shown 
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Fig. 17. GL-7-ACA inhibitory studies on T v D A A O mutants. 
Lineweaver-Burk plots ofWT, F54Y, F54S and F54A at 0 (〇)，2.5 (A), 5 (•), 
10 m M ( • ) GL-7-ACA concentrations were shown. Ki values were 
determined by secondary plots of Km,app against GL-7-ACA concentration. 
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Fig. 18. H2O2 inhibitory studies on W T and F54Y. Lineweaver-Burk plots 
of W T and F54Y at 0 (〇)，125 (A), 250 (•), 500 m M (•) H2O2 concentrations 
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effect of H2O2, the Ki values for W T and F54Y were determined. The value for 
F54Y was slightly lower than that of W T . 
W T and the three mutants exhibited good stability within the pH range tested 
(Fig. 19A). They showed optimal activity at around pH 9 (Fig. 19B). At pH 7.5, 
W T and the three mutants catalysed the reaction with 60-80% of maximum activity. 
Both W T and F54Y displayed bell-shape curves in pH rate profiles (optimal kcat,app 
for WT: ~pH 9; F54Y: ~pH 7-9) (Fig. 20A). They showed the lowest Km,叩p at 
around pH 8 (Fig. 20B) and the highest catalytic efficiency {kcat.applKm,app) at pH 
7.5-8 (Fig. 20C). Comparison of the pH rate profiles of W T and F54Y did not 
reveal new inflection point. 
4.3.3. Temperature-dependent and time-dependent thermostability 
In the temperature-dependence study, while the activity of W T , F54S and F54A 
started decreasing from 50°C, F54Y began to lose its catalytic activity beyond 55。C 
(Fig. 21 A). No significant change in the enzyme activity of F54Y could be 
observed after heat treatment at 55°C for 30 min. Interestingly, F54A could still 
have 〜70% residual activity after heat treatment at 60°C while the residual activity of 
others dropped below 30%. The melting temperature for thermal inactivation (Tm) 
of W T and F54S were about 56°C, while that of F54Y and F54A were 59。C and 61°C 
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Fig. 19. The p H dependence of stability and activity of T v D A A O mutants. 
Relative activity of W T (〇)，F54Y (A), F54S (•) and F54A (•) was measured 
with 5 m M CPC at 22°C. (A) Enzyme stability after incubation with the 
multibuffer system at 22°C, 30 min. (B) Enzyme activity measured in the 
multibuffer system. Results shown were average of three independent 
experiments 士 standard deviation. 
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Fig. 20. The p H dependence of kinetic parameters. Measurements were 
performed on W T (參）and F54Y (•) with 0.16-10 m M C P C at 22°C. (A) The 
pH dependence of log (众oz/,卿).(B) The pH dependence of log (A：爪’卿).(C) 
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Fig. 21. Thermostability of T v D A A O mutants. Heat treatment was 
performed on W T (〇)，F54Y (A), F54S (•) and F54A (•) using a Peltier-type 
PGR machine and residual activity was measured with 5 m M CPC at 22°C. (A) 
Temperature-dependent thermostability. (B) Time-dependent thermostability. 
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respectively. 
In the time-dependent study, all mutants showed elevated stability upon 
prolonged incubation (55。C, 150 min) (Fig. 21B). While W T only retained 〜lOo/o 
residual activity after 150-min incubation at 55°C, the three mutants retained more 
than half of their catalytic activity. The activity loss in F54Y and F54A was delayed, 
and the extent of inactivation was smaller than those of W T and F54S. F54A even 
had no significant loss of activity throughout the incubation period. 
4.3.4. Secondary structure measurements 
The secondary structure of W T and the three mutants was determined (data not 
shown). The C D spectra from W T and mutants overlapped with each other. 
Hence, they showed similar secondary structure. In general, they possess -63% 
helices,〜1% strands,〜12% P-tums and 〜18% random coils. 
4.4. Discussion 
The time progress curves displayed progressive depletion of CPC and formation 
of GL-7-ACA (Fig. 16), suggesting that both substrate and product were stable 
throughout the reaction and the conversion was catalysed by the enzyme. Complete 
conversion of CPC to GL-7-ACA further confirmed the stability of the enzyme 
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during the reaction. The small burst phase at the first min echoed the double 
displacement mechanism of yeast D A A O s (Pollegioni et al, 1993) (Fig. 9B). At 
the beginning of reaction, all enzyme molecules were in oxidised form and were 
ready to accept the hydride transferred from the deaminating CPC. This resulted in 
a rapid initial product formation. As the reaction proceeded, enzyme harbouring 
FADH2 accumulated and had to be re-oxidised to recycle the functional enzyme. 
Thus, the reaction rate slowed down and reached the steady state. Therefore, this 
accounted for the burst phase observed during the beginning of reaction. However, 
detailed pre-steady state analyses were required for accurate determination of the 
burst phase. Nevertheless, it was appropriate to select the period between the 
and 3rd min as initial phase for steady state kinetic analyses. 
No kcat and Km values could be determined in the current experimental set-up. 
Only kcat’app and Km,app values were found. It was because the deamination process 
catalysed by T v D A A O was a bi-substrate reaction, involving both CPC and 
molecular oxygen. In principle, to determine the kcat and Km values of T v D A A O 
towards CPC, a reaction environment with saturating oxygen should be employed, 
which is never realistic to industrial applications. Therefore, these values were 
determined in atmospheric oxygen concentration and resulted in the respective kcat,app 
and Km,app values (Pollegioni et al., 2004). Essentially, the kcat,app value is directly 
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proportional to the substrate turnover, whereas the Km,app value is inversely related to 
the affinity ofCPC. 
In the GL-7-ACA inhibitory study, GL-7-ACA quantification by HPLC could 
not be employed. It was because the exogenous GL-7-ACA added would lead to a 
significant large peak of GL-7-ACA in the H P L C profile (Fig. 13). This large peak 
would have a masking effect on the neighbouring CPC peak, so that the CPC and 
GL-7-ACA peaks could not be well separated. Furthermore, there was no sensitive 
measurement of a small increment in GL-7-ACA concentration out of the large 
background value. As a result, the spectrophotometric measurement following the 
formation of another product (H2O2) was used for this part of study. The 
chromogen used in the current study (o-dianisidine) was considered to be the most 
appropriate one for the assaying D A A O activity (Gabler et al.，2000). 
Industrial applications demand variants with enhanced catalytic activity, low 
degree of inhibition and improved thermostability. Employing enzymes with high 
catalytic activity and reduced inhibition can shorten the duration of a reaction cycle, 
hence reduce the machine time and operation cost. Furthermore, high catalytic 
activity is especially favourable when the substrate and/or product of the reaction are 
prone to degradation. Variants with improved thermostability allow heat treatment 
as a purification process. 
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Comparing the kinetic properties of the three mutants, F54Y could be an 
attractive candidate for industrial 7-ACA production due to the following reasons. 
First, F54Y had 6-fold improvement in kcat.app value compared with the W T (Table 5). 
Although there was a concomitant increase in its Km,app value, it will not affect its 
applicability because a saturating concentration of CPC (75-100 m M ) is usually used 
in industrial processes (Baber et al., 2004; Pollegioni et al., 2004). Thus, the 
difference in the CPC affinity between W T and F54Y is not significant to the 
two-step bioconversion of CPC. The substrate turnover rate (kcat,app) should be the 
most critical. Its 6-fold improved kcat,app value reflected faster substrate turnover 
and shortened the duration of a reaction cycle, thus minimises the degree of 
GL-7-ACA degradation in the industrial reactor (Wang et al., 2008a). As a result, 
the 6-fold improvement in the kcat.app value is favourable for CPC bioconversion, 
hence F54Y can be an appropriate candidate for efficient industrial production of 
7-ACA. Second, its Kt value of GL-7-ACA was 〜2.5-fold higher than that of W T 
(Table 5). The magnitude of Ki measured the equilibrium of GL-7-ACA binding to 
the enzyme-inhibitor complex. Since GL-7-ACA was the product of the reaction 
and simultaneously was a competitive inhibitor, a higher Ki value can be considered 
as higher tendency of GL-7-ACA dissociation from the enzyme complex. Thus, it 
was easier for GL-7-ACA to be released in F54Y during catalysis. Hence, the 
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mutant was less susceptible to product inhibition, which is also a major concern in 
the industrial applications of D A A O (Pollegioni et al.，2004). Third, although the 
Ki value of H2O2 of F54Y was slightly lower than that of W T (Table 5), the 
magnitude did not differ significantly. It was suggested that they had similar 
susceptibility to H2O2 inhibition. In other word, F54Y retained the advantage of 
high resistance to H2O2 inhibition as exhibited by the W T (Pollegioni et al., 2004). 
Finally, the thermostabilising properties of F54Y should further justify the 
applicability of this mutant in industrial applications. F54Y had negligible loss in 
activity after heat treatment (55°C, 30 min) (Fig. 21 A). In fact, a 30-min heat 
treatment at 55°C is a process usually employed to separate catalase and other 
contaminants responsible for side product formation in the industrial preparation of 
T v D A A O (Lee et al., 1994). Prolonged incubation at 55。C revealed that a longer 
heat treatment (60 min) can be applied to F54Y without compromise in catalytic 
activity (Fig. 21B). As a result, the improved thermostability of F54Y facilitates the 
first-step purification of industrial preparation of TvDAAO. Taking these 
advantages together, F54Y could be a potential candidate for industrial bioconversion 
ofCPC. 
The importance of the protruded hydroxyl group in F54Y was evident. Both 
F54S and F54A had 3-fold improvement in kcat’app value (Table 5). Their low Km,app 
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values indicated stronger affinity to CPC and resulted in higher catalytic efficiency 
{kcat,applKm,app)' Similarly, their Kj values of GL-7-ACA were also lower than that of 
W T , suggesting a stronger affinity to GL-7-ACA. A comparison of the kinetic 
parameters and inhibitory constants among W T , F54Y，F54S and F54A provided 
insights about the still undefined substrate binding pocket of T v D A A O (Fig. 22). 
Secondary structure measurements revealed no significant perturbation in the overall 
conformation between W T and the mutants. Any difference in their kinetic 
properties should be due to the point mutation in the substrate binding pocket. 
Concerning W T , the F54 in the substrate binding pocket is a hydrophobic residue and 
may provide an imperfect orientation to the polar amino group of CPC. In 
accordance with the CPC-docked T v D A A O model (Fig. IIB), the distance between 
F54 and the amino group of CPC was estimated to be 3A which is marginal for 
hydrogen bond formation (Fig. 22). However, there was neither hydrogen bond 
donor nor acceptor on the phenyl group at F54. Hence, in addition to imperfect 
orientation, no hydrogen bond could be formed with the amino group of CPC. 
Considering F54Y, the Tyr substitution resulted in an additional hydroxyl group 
protruding into the substrate binding pocket, providing a functional group for 
hydrogen bond formation. With the protruding hydroxyl group, the distance 
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shortened to less than 3A, which fell into a favourable range for hydrogen bond 
formation (Fig. 22). Furthermore, the polar hydroxyl group may better orient the 
polar amino group of CPC. However, the hydroxyl group protrusion also 
introduced steric hindrance, leading to a shallower substrate binding pocket for CPC 
accommodation and resulted in a higher Km’app. Since CPC and GL-7-ACA share a 
similar chemical structure, this also led to an increase in the Kt value of GL-7-ACA 
which favoured the dissociation of GL-7-ACA. Taking together, with likelihood 
of hydrogen bond formation, better side chain orientation and shallower substrate 
binding pocket, the substituted Tyr may provide a better trajectory for direct hydride 
transfer from the amino group of CPC to the oxidised FAD (Molla et al.，2000), 
resulting in the 6-fold improvement in kcat,app value of F54Y. Similarly, the 
improved kcat,app values of F54S and F54A could be attributed to their reduced 
hydrophobicity which helped orienting the polar amino group of CPC. Both F54S 
and F54A did not favour hydrogen bond formation due to the longer distance (>3人） 
and the absence of hydrogen bond donor/acceptor, respectively (Fig. 22). However, 
their smaller side chain may deepen the substrate binding pocket and better 
accommodate the bulky CPC and GL-7-ACA. Therefore, F54S and F54A had 
moderate increase in kcat丨卿 values, and higher affinity of CPC and GL-7-ACA than 
W T . Nevertheless, these proposed explanations for the changes in kinetic 
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parameters in the mutants required further verifications by studying their respective 
crystal structures. An interesting result in the present study was that the Ala 
substituted enzyme remained active, suggesting that F54 is not a residue essential for 
CPC catalysis. This echoed with previous studies that not a single amino acid 
residue within the substrate binding pocket is responsible for catalysis exclusively 
(Pollegioni et al.，2007b). 
The insignificant difference of the Ki values of H2O2 between W T and F54Y 
(Table 5) was reasonable. With reference to the crystal structure of R g D A A O 
soaked with the substrate D-alanine and peroxide (PDB: ICOP), F58 (corresponding 
to F54 in T v D A A O ) was found not in neighbourhood with the peroxide molecule. 
Echoing with previous studies (Pollegioni et al., 2004), the present results revealed 
that H2O2 is a competitive inhibitor to T v D A A O . Thus, the inhibitory effect should 
be solely determined by the affinity of H2O2. Therefore, mutating a distant residue 
should have no effect on H2O2 binding. Hence, no significant alternation on H2O2 
inhibitory effect could be imposed by mutating F54 in T v D A A O . 
Characterising the effects of pH provided information about possible acid/base 
catalysis in mutants. W T and the mutants were considered to be stable within the 
entire pH range tested (Fig. 19A) and any change in kinetic properties should be 
dominantly caused by the pH effects on catalysis. The pH rate profiles of F54Y 
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were investigated by virtue of its capability to form hydrogen bond (<3A) with the 
amino group of CPC. The pH dependence of \og{kcat,app\ \og{Km,app\ and 
\og{kcatlKm,app) of F54Y did not lead to any new inflection point (Fig. 20). This 
excluded the possibility of any acid/base catalysis by the tyrosyl group. 
A comparison of the thermostability results from W T , F54Y，F54S and F54A 
provided insights about the thermostabilising effects of different side chains. 
Although the protein thermostability is usually achieved by modulating surface 
amino acid residues, the present results provided concrete evidence for the 
involvement of an amino acid substitution within the substrate binding pocket. 
Sometimes, a compromise in the catalytic activity of thermostable enzyme variants 
could be observed due to the reduced molecular flexibility in the substrate binding 
pocket (Shoichet et al.，1995). However, this was not observed in the mutants, 
suggesting that amino acid substitution at F54 of T v D A A O did not significantly 
affect the molecular flexibility of the substrate binding pocket. Previous study of 
T v D A A O proposed a scheme of three parallel paths of irreversible thermal 
inactivation (Dib et al., 2006). This scheme suggested that protein aggregation is a 
crucial step in thermal inactivation. In the present study, F54Y had no significant 
loss in activity after heat treatment at 55°C for 60 min (Fig. 21 A). All mutants 
exhibited improved thermostability after a 150-min heat treatment (Fig. 2IB). The 
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improved thermostability of mutants was not caused by any change in overall protein 
conformation as shown by the C D spectra. Literature review suggested that 
hydrophobic interactions between exposed hydrophobic patches during thermal 
denaturation initiated nucleus formation to promote protein aggregation (Barzegar et 
al” 2008). Coupling this idea with the current thermostability properties of W T and 
mutants, the following explanations are hypothesized for the improved 
thermostability of the three mutants. During heat treatment, T v D A A O lost the 
integrity of protein conformation and resulted in exposure of core hydrophobic 
residues, including F54, to polar solvent molecules. The exposed hydrophobic 
residues may form extensive hydrophobic interactions with each other, thus 
promoting the formation of nucleus to sustain protein aggregation. As Phe is more 
hydrophobic than Tyr, Ser and Ala, the heat-treated W T should have a higher degree 
of exposed hydrophobicity. Therefore, W T readily triggered the formation of 
nucleus and led to an irreversible formation of protein aggregates. On the other 
hand, the improved thermostability of the three mutants could be attributed to their 
reduced levels of exposed hydrophobicity and nucleation. This led to a 
heterogeneous nature of unfolded protein (Robic et al., 2003) which may contribute 
to their improved thermostability. In fact, the thermostability of F54A was 
unexpected. It could be proposed that the non-polar side chain of Ala was too short 
81 
and hence unfavourable for hydrophobic interaction. Nevertheless, the above 
hypothesis requires proofs from further investigations. Dynamic light scattering 
may be a suitable method to measure the proposed difference in protein aggregation 
among W T and mutants. 
In short, the ability to form hydrogen bond, hydrophobicity, and the size of 
functional group in the substrate binding pocket can be contributing factors to kinetic 
properties and thermostability of TvDAAO. Protrusion of the hydroxyl group at 
F54 may provide a favourable local environment to orient CPC and facilitate the 
deamination process. Reduced hydrophobicity at F54 seemed favourable for 
thermostability of T v D A A O and may be attributed to the enhanced thermostability in 
the mutants. 
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C H A P T E R 5 C O N C L U S I O N S A N D PERSEPCTIVES 
The present study characterised the structure-activity relationship of T v D A A O 
by homology modelling, site-directed mutagenesis, kinetic analyses and 
thermostability studies. Homology model revealed key residues in the substrate 
binding pocket of T v D A A O , which the crystal structure is yet unavailable. 
Subsequent rational mutagenesis, kinetic and thermostabilty studies proposed that a 
Tyr substitution of a substrate binding pocket residue (F54) of T v D A A O could lead 
to a potential candidate for industrial bioconversion of CPC. Although the mutant 
had a higher Km,app value (4.8 mM), such decrease in CPC affinity is not significant 
to industrial applications, whereas its 6-fold improvement in catalytic turnover for 
CPC {kcat,app = 2200 mirfi)，lower degree of product inhibition (IQ of GL-7-ACA = 
3.8 m M ) and enhanced thermostability (fully active after heat treatment at 55°C for 
60 min) are the crucial factors. 
Comparisons of kinetics and thermostability of W T , F54Y，F54S and F54A 
concluded that, in the substrate binding pocket, the size of amino acid side chain, 
hydrogen bond formation and hydrophobicity can be contributing factors to the 
deamination process of CPC and enzyme stability against heat treatment. First, the 
size of the functional group was responsible for steric hindrance upon CPC and 
inhibitor (GL-7-ACA) binding. A shallower substrate binding pocket favours 
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dissociation of CPC and related structures (hence, both Km,app and Ki of GL-7-ACA 
were F54Y>WT>F54S~F54A). Second, the ability of hydrogen bond formation 
with the amino group of CPC was linked to higher catalytic activity. It was 
proposed that such hydrogen bond facilitates direct hydride transfer from the amino 
group of CPC to the oxidised flavin and resulted in a higher substrate turnover 
(hence, kcat of F54Y was the highest). Finally, reduced hydrophobicity might help 
orienting the important residue to the polar amino group of CPC when hydrogen 
bond could not be formed (hence, kcat of F54S and F54A>WT). Simultaneously, 
reduced hydrophobicity was also connected to enhanced thermostability in the three 
mutants. Hence, the lowest degree of thermostability was observed in W T due to 
the occurrence of its hydrophobic Phe. 
Solving the tertiary structure of T v D A A O remains the ultimate goal to 
understand the structure-function relationship of this industrial enzyme. Protein 
crystallisations of W T and F54Y are in progress. Once their crystal structures are 
solved, convincing structural alignment can be performed and any altered 
architecture in the substrate binding pocket will be identified. This may provide 
detailed information for protein engineering of T v D A A O . Furthermore, industrial 
practice requires the use of immobilised T v D A A O for the two-step bioconversion. 
Thus, development of immobilised F54Y should pave the way for industrial 
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applications of this mutant. This is under investigation and may lead to a competent 
candidate reinforcing the biocatalysis for semi-synthetic cephems production. 
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